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Abstract. Quantifying the force regime that controls the movement of a single grain during fluvial transport has
historically proven to be difficult. Inertial micro-electromechanical system (MEMS) sensors (sensor assemblies
that mainly comprise micro-accelerometers and gyroscopes) can used to address this problem using a “smart
pebble”: a mobile inertial measurement unit (IMU) enclosed in a stone-like assembly that can measure directly
the forces on a particle during sediment transport. Previous research has demonstrated that measurements using
MEMS sensors can be used to calculate the dynamics of single grains over short time periods, despite limitations
in the accuracy of the MEMS sensors that have been used to date. This paper develops a theoretical framework
for calculating drag and lift forces on grains based on IMU measurements. IMUs were embedded a spherical
and an ellipsoidal grain and used in flume experiments in which flow was increased until the grain moved.
Acceleration measurements along three orthogonal directions were then processed to calculate the threshold
force for entrainment, resulting in a statistical approximation of inertial impulse thresholds for both the lift and
drag components of grain inertial dynamics. The ellipsoid IMU was also deployed in a series of experiments
in a steep stream (Erlenbach, Switzerland). The inertial dynamics from both sets of experiments provide direct
measurement of the resultant forces on sediment particles during transport, which quantifies (a) the effect of
grain shape and (b) the effect of varied-intensity hydraulic forcing on the motion of coarse sediment grains
during bedload transport. Lift impulses exert a significant control on the motion of the ellipsoid across hydraulic
regimes, despite the occurrence of higher-magnitude and longer-duration drag impulses. The first-order statistical
generalisation of the results suggests that the kinetics of the ellipsoid are characterised by low- or no-mobility
states and that the majority of mobility states are controlled by lift impulses.

1 Introduction

River sediment transport is a critical process in landscape
evolution (Tucker and Hancock, 2010), controls river mor-
phology and ecology (Recking et al., 2015) and affects river
engineering (Van Rijn, 1984). The study of the two-way re-
lationship between transport processes and the correspond-
ing morphology has a long history (e.g. Gilbert and Mur-
phy, 1914), using approaches and mathematical conceptual-
isations that range from deterministic (e.g. Gilbert and Mur-

phy, 1914; Shields, 1936; Ali and Dey, 2016) to probabilistic
(e.g. Einstein, 1937; Grass, 1970; Ancey et al., 2008).
Fluvial sediment transport is a complex two-phase flow
defined by (a) hydraulics (Kline et al., 1967; Nelson et al.,
1995; Papanicolaou et al., 2002), (b) sediment properties
and arrangement (Ashida and Michiue, 1971; Komar and Li,
1988; Kirchner et al., 1990; Buffington et al., 1992; Hodge
et al., 2013; Prancevic and Lamb, 2015), (c) flow history
across timescales (Shvidchenko and Pender, 2000; Diplas
et al., 2008; Valyrakis et al., 2010; Phillips et al., 2018; Mas-
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teller et al., 2019) and (d) biological and chemical processes
that can rearrange or stabilise sediment (Johnson et al., 2011;
Vignaga et al., 2013; Johnson, 2016).

To analyse the motion of a grain resting on a riverbed
that is sheared by a turbulent flow (Dey and Ali, 2018),
a large group of laboratory and theoretical studies use an
implicit (fixed) reference frame. Historically, such analyses
have been deterministic (implementing a single threshold
shear stress or force at which grains are entrained (Gilbert
and Murphy, 1914; Shields, 1936; Yalin, 1963; Iwagaki,
1956; Ikeda, 1982; Dey, 1999). However, stochastic descrip-
tions arguably capture better the complex particle—fluid in-
terplay since near-bed turbulence which drives gain motion
is inherently stochastic (Einstein, 1937; Grass, 1970; Papan-
icolaou et al., 2002; Marion and Tregnaghi, 2013). Coupled
with advances in monitoring techniques (e.g. Papanicolaou
et al., 2002; Fathel et al., 2016), stochastic treatments have
led to Lagrangian, primarily numerical, formulations being
applied to the full range of motion (McEwan et al., 2004;
Bialik et al., 2015). The term Lagrangian means that sedi-
ment flow is observed from the perspective of individual mo-
bile sediment grains and not a domain fixed in time and space
(as in traditional Eulerian approaches using fixed x, y and
z coordinates; Ballio et al., 2018). The turbulence impulse
approach (Diplas et al., 2008; Valyrakis et al., 2010; Celik
et al., 2010) accounts for both the magnitude and the dura-
tion of the hydraulic forcing and is often categorised as a
stochastic approach (Dey and Ali, 2018) since the stochastic
nature of local turbulence is accounted for by the integration
of turbulent forces acting on the grain over time. However,
the grain forces are treated deterministically through a de-
tailed treatment of the force balance during incipient motion.
Finally, the spatio-temporal approach (Coleman and Nikora,
2008) is different as the equations of motion are applied sep-
arately for the fluid (in a spatially averaged domain) and the
sediment particles, linking the mode of transport with the
scales of turbulence (Bialik et al., 2015).

Field experiments tracing individual sediment grains are
in principle Lagrangian (Hassan and Roy, 2016). Lagrangian
analytical models have been developed following advances
in monitoring techniques that allow tracking of individual
grains, including magnetic (e.g. Schmidt and Ergenzinger,
1992; Hassan et al., 2009) and RFID tracers (e.g. Schneider
et al., 2014; Tsakiris et al., 2015). An important milestone
in the development of Lagrangian approaches for sediment
transport was the introduction of discrete particle modelling
techniques in simulations (McEwan et al., 2001; McEwan
et al., 2004; Schmeeckle and Nelson, 2003), which opened
up the prospect for upscaling the Lagrangian metrics.

Lagrangian measurements find direct application in
coarse-grain gravel bed and bedrock river environments
(e.g. Hassan et al., 1992, 2009; Ferguson et al., 2002; Hodge
et al., 2011; Liedermann et al., 2012), and the morphologi-
cal impact of Lagrangian dynamics in those environments is
pronounced (Hodge et al., 2011). For example, the inertia of
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the typically larger particles transported in these streams has
been identified as one of the factors contributing to inaccurate
predictions of transport rates (Buffington and Montgomery,
1997; Bunte et al., 2004; Singh et al., 2009). Equally im-
portant is the lack of information on the energy transfer be-
tween these large particles and the riverbed, particularly dur-
ing impact. Recent experiments (Gimbert et al., 2019) show
how this energy transfer can be inferred from seismic mea-
surements, opening the way for testing hypotheses that relate
to river reach scale processes (e.g. Burtin et al., 2014). Fi-
nally, for a complete understanding of these interactions, the
rotational component of grain movement cannot be ignored
(Nifio and Garcia, 1998).

A particular advance in monitoring technology has been
the development of sediment grain scale inertial sensors
which record at high frequency the accelerations and angular
velocities experienced by grains during entrainment and mo-
tion (Kularatna et al., 2006; Akeila et al., 2010; Frank et al.,
2015; Maniatis et al., 2013; Gronz et al., 2016; Maniatis
et al., 2017). These applications became possible after the
development of compact MEMS (micro-electromechanical
mechanical system) inertial measurement units (IMUs), as-
semblies of 3D MEMS accelerometers and 3D MEMS gyro-
scopes, which overcome many technical difficulties posed by
older instrumentation (mainly caused by limited storage ca-
pacity; e.g. Ergenzinger and Jupner, 1992; Spazzapan et al.,
2004). The focus of those works is the development of an
IMU-based sensor assembly (IMU enclosed in a grain or a
purpose-specific grain-shaped artificial enclosure) that can
successfully measure grain dynamics.

MEMS-IMU sensors measure the acceleration and angular
velocity of the grain, which can be used to calculate the net
force acting on the grain. For the most accurate measurement
of this force, sensors should be located at the grain’s centre
of mass. Data collected from within grains undergoing trans-
port has potential to describe the timing of motion, forces
acting on the grain and grain location. As a grain moves, its
centre of mass moves, and so the reference point for the force
measurements is mobile. The latter means that the IMU mea-
surements need to be transformed to a frame of reference
that can be understood by an observer. Generally, an IMU
accelerometer is a non-inertial frame fixed within the mobile
body frame of the sensor assembly.

In theory, the accelerations recorded by the IMU could be
integrated to calculate grain velocity and integrated again to
reveal location, a process referred to as dead reckoning. One
long-term goal for this approach would be to use IMUs to
track a large number of grains through fluvial systems. How-
ever, real fixed (“strap-down”’) IMUs based on MEMS are not
suitable for these integrations since the data contain several
sources of uncertainty, including signal noise and nanoscale
misalignment of sensor axes. With sensors that are cheap
enough to be deployed in large numbers, the accumulation
of errors means that they cannot be used for 3D tracking
of long-term unconstrained motions (Woodman, 2007; Kok
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et al., 2017; VectorNav, 2016). This problem is well known
in the fields of navigation and electrical engineering, and the
modelling of IMU errors is a significant research area (Zeka-
vat and Buehrer, 2011) since the applications of this tech-
nology are numerous (Gebre-Egziabher et al., 1998; Grewal
et al., 2007).

Despite the limitations, IMU sensors have been consid-
ered to be a suitable technique for measuring grain motion
(e.g. Gronz et al., 2016). Recently Gimbert et al. (2019) used
accelerometers to measure particle bed impacts in order to
complement seismic measurements. However, for field de-
ployments, relevant sensors have only been used as start-and-
stop motion sensors (Olinde and Johnson, 2015).

The first goal of this paper is to introduce a simple rigid-
body model that connects measurements derived from an ide-
alised IMU with existing models for grain motion. For this
model to be successful, it is necessary to map the IMU body
frame dynamics to the reference frame of motion (flume or
riverbed). This resolution allows the inertial measurements to
be related to the forcing on the particle and defines an explicit
and unambiguous threshold for particle motion. The second
goal is to introduce the calculation of inertial impulses above
the drag and lift thresholds of motion, following the exam-
ple of Diplas et al. (2008), for grain entrainments and short-
transport events. The calculations are performed for obser-
vations made in a set of flume entrainment experiments us-
ing two sensor assemblies: one spherical and one ellipsoidal.
We apply the same analysis to a time series of successive
transport events measured with the ellipsoid sensor in a steep
Alpine river (Erlenbach, Switzerland), calculating the force
regime and the generated impulses during grain motion. Fi-
nally, we discuss how the combined dataset (flume and field
experiments) for the ellipsoid sensor can be used for boot-
strap calculations leading to the generalisation of the derived
measurements.

2 Force measurements and a Newton—Euler regime
for sediment motion

An IMU accelerometer records accelerations of the grain,
which can be converted to forces acting on the grain by mul-
tiplying by grain mass. However, those accelerations are both
fixed (e.g. due to gravity) and variable (e.g. due to fluid forces
applied to the particle). The measurements are difficult to in-
terpret because fixed and variable accelerations cannot be de-
coupled after the accelerometer begins to move, and these ac-
celerations are perceived differently from different reference
frames. If the sensor is static and gravity is recorded from
the reference frame of the sensor, it is then possible to derive
a reliable orientation measurement. If the sensor moves and
the sensor frame accelerations are compensated for gravity
(by removing gravity from the raw accelerometer measure-
ment), then the sensor will record the 3D components of the
resultant or net force that mobilises the particle. This resul-
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tant is the force that can be observed from an observer who is
static in relation to the particle. In Appendix A, we provide a
technical explanation of the differences between non-inertial
(mobile sensor frame) and inertial (as observed from a fixed
frame external to the sensor) accelerations and demonstrate
the necessary transformations.

The physics of IMU sensors also define the main dif-
ference between IMUs and other force sensors that have
been used to monitor grain motion, such as load cells
(e.g. Schmeeckle et al., 2007; Lamb et al., 2017). Load cells
measure the total vertical and horizontal forces applied to the
grain prior to the onset of motion, but their application is also
limited because they prevent the grain from being fully en-
trained. In the case of a grain sitting on a horizontal bed and
being subjected to an increasing lift force, a load cell records
an increasing force up until the point at which the lift force
is equal to the weight and the grain is entrained. In contrast,
the gravity-compensated IMU will record zero acceleration
(and therefore zero net force) until the point of entrainment,
after which the grain starts to accelerate. In flowing water,
grains do not transition instantly from being completely sta-
tionary to being fully entrained (Garcia et al., 2007), and the
IMU will also record the movement of grain vibrations prior
to entrainment. Consequently, load cells and IMUs measure
different parts of the transport process; load cells record the
forces that are applied to the grain prior to entrainment, i.e. to
the point where the forces balance the weight of the grain,
whereas IMUs measure the forces that accelerate the grain
from this balanced position.

The following derivations rely on the transformation of the
IMU accelerations from the mobile reference frame of the
monitored particle (frame b) to a local static frame where
the applied hydraulic, particle and gravitational forces are
analysed (frame r hereafter). The x and y directions of the
r frame (r, and r, hereafter) are, respectively, parallel and
perpendicular to the mean direction of the flow and the river
or flume bed. The z direction (r, hereafter) is normal to
the flow and the riverbed. In addition, an independent static
frame i is used, the origin of which coincides with the cen-
tre of the Earth, as a stable reference for the initial alignment
of frames b and r (Appendix A). b—r transformations rely
on the successive tracking of the relative orientation between
the two frames, which are represented here using quaternions
(Appendices A and G1).

Combined measurements of grain acceleration and angu-
lar velocity allow direct calculation of the forces and turning
moments acting at the grain’s centre of mass. This type of
model formulation is the Newton—Euler model in the rigid-
body-dynamics literature (O’Reilly, 2008). For a spherical
particle resting on an inclined bed, irrespective of the degree
of exposure to the flow, the Newton—Euler regime is defined
as follows:
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Figure 1. Forces in the Newton—Euler model. The diagram shows
the linear forces applied on the centre of the mass of the target par-
ticle. Fppet 18 the net drag force, Fppe is the net lift force and
F g is the force of gravity (Eq. 1), all analysed in the local static
frame r. The rotational component (torques generated by the sur-
face force frot around the centre of the mass of the target particle)
is analysed on the body frame of the particle (b, here depicted as
aligned with the static frame r; the general case is discussed in Ap-
pendix A). ¢ is the downstream slope. For the results presented in
this work ry is the downstream direction. Also, for the flume exper-
iments there is no cross-stream slope (6 = 0).

Ay
Fot=f+Fg=m ary |, (1)
ay;

O pyx
Tt = frotR = Iem Apy | - 2)
0py

Fpet and Tpe are net forces and torques applied on and
around the centre of mass of the particle. For the right-hand
elements of Eqs. (1) and (2), m is the particle mass and Iop, is
its moment of inertia (Appendix C). ary, ary and a;, are linear
accelerations resolved in the static frame r (Fig. Al) mea-
sured using accelerometer measurements and Eq. (A4). apy,
apy and oy are rotational accelerations resolved in the mo-
bile frame but fixed on the particle frame b such that

T d(x)b d(z)b dwb T
[rbxanyarn ] =[TxTyWZ] ; (3)

where wpy, wpy and wp, are angular velocities within the
body frame reference frame as recorded by gyroscope mea-
surements.

The left-hand elements of Eqgs. (1) and (2) describe the
forces applied to the particle. Hereafter, the lower-case vec-
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tors and scalars (e.g. terms f and f ) will refer to the in-
teractions between hydraulic forces (turbulence) and particle
forces (support forces and friction) that are not measured di-
rectly by an IMU and which cannot be decoupled using IMU
measurements. The vector f is the linear component of those
interactions, applied on the centre of mass of the particle. The
vector f . is the component of those interactions applied on
the surface of the particle, and it generates the torques around
the centre of its mass (tangential to the particle’s radius). The
vector Fg; defines the force of gravity rotated in the r frame
and compensated for hydrodynamic effects (e.g. buoyancy)
as

Fer
Fo:=R(iq)Wsfi=| Far |- )
FGrz

The matrix R(jg) denotes the orientation of the slope
in 3D (the relative orientations between the frames i and r,
Eq. (A5). Wy; is the immersed weight of the spherical particle
equal to my g, where my, is its immersed mass (Papanicolaou
etal., 2002) and g is the acceleration of gravity, both acting at
its centre of mass. W; has a constant direction in frame i and
is rotated in 7 using R(jq). fv = 14[0.50/(ps — p)] accounts
for the hydrodynamic mass effect (Papanicolaou et al., 2002;
Celik et al., 2010), and p and ps are the densities of the wa-
ter and the particle, respectively. For our ellipsoid, we cal-
culate Fg; assuming a sphere with the same volume as the
ellipsoid, since resolving the hydrodynamic mass coefficient
for an ellipsoid in 3D is beyond the scope of this work. The
magnitude of Fg; can be measured by deploying an IMU as
an orientation sensor (Appendix Al).

The magnitude of Fg, components along the drag direc-
tion (ry) is given by the vector

FGDZFer- (5)

For the direction normal to the bed (r;, direction of lift
hydraulic force) the F g, component is the vector

FGyL = FGy;. 6)

Similarly, we can use the linear accelerations of Eq. (1) to
separate the components of the net force (F¢) along the drag
and lift directions as

Fppet =m ayy @)
and
Finet = may;. ®)

2.1 Inertial measurements and the threshold of motion

The linear force threshold of motion is defined for a, =
[0 0 0]7, representing the explicit state where the forces are
balanced (a resultant force F e of Eq. (1) equal to 0) and the
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particle is not moving. Since all the linear forces are trans-
formed in the r frame, exceeding this threshold relates to
a motion along the ry drag direction (threshold defined at
Fpnee = 0) and/or a motion along the r,, lift direction (thresh-
old defined at F1 e = 0). Given the force balance of Eq. (1),
the threshold of motion is also the point where the resultant
of the combined forces represented by f (which includes
the hydraulic lift and drag forces) balance the rotated gravity
forces. For the drag direction, the component of f is given
by the vector

fD:FDnet_FGD» (9)

and the threshold of motion is at the point where fp =
—FGp.

If Fpper exceeds O then fp exceeds the component of
gravity F Gp towards the positive (+) drag direction (down-
stream). Consequently, the condition Fppe > O is the exact
equivalent of the condition fp > —FGp. We use the sec-
ond description (for both the drag and the lift components)
in order to highlight the fact that the f interaction primar-
ily balances the components of gravity defined by the mean
orientation of the bed.

For the lift direction, the component of f is given by

fL:FLnet_FGL~ (]O)

Similarly to the drag components, the condition Fppe > 0 is
the exact equivalent of the condition f; > —FGy (the par-
ticle moving towards the r, positive direction, upwards).

The rotational threshold of motion is defined by the state
where the balance of torques around the centre of mass of the
particle are balanced (7 pet = 0). In the Newton—Euler model
introduced here, the sum of torques captures a spinning ro-
tational component defined by the product of the moment of
inertia of the rotating particle (/o) and the body frame an-
gular accelerations (Egs. 2 and 3). It is important to note that
this rotation differs from the orbital rotation defined around
the centre of mass of a supporting particle, which is a com-
mon description in the hydraulic literature (e.g. Papanicolaou
et al., 2002).

The torques are analysed in the body frame of the par-
ticle (b) and a non-directional description of the rota-
tion threshold is given by the norm of angular accelera-
tions (J|leep||) exceeding 0. After Egs. (2) and (3) the critical
condition for particle rotation is given by

dwy,
Thet = Iemllop || =Icm||?” = fiotR > 0. (11)

It is useful to re-state here that all the derivations so far
are for a spherical particle (the equivalent of Eq. (11) for
an ellipsoid is given in Appendix C). Using Eq. (11), it is
possible to estimate the magnitude of the tangential compo-
nent fior (Appendix C). The calculation reveals that, for the
scale of the particles discussed here, the effect of the tangen-
tial force, in terms of force magnitude applied to the particle,
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is negligible in comparison to the linear forces. This is ex-
plained by the dependency of the sum of torques (T per) On
the moment of inertia /.y, of the particle, which is generally
a very small number even for relatively coarse particles (e.g.
for the spherical particle introduced in Sect. 3 it is equal to
0.00085 kg m~2). For this reason, we will only focus on the
linear net force and the interaction f, which we calculate
as the difference between the net force and the gravitational
components. However, we demonstrate the scale difference
between the rotational and the linear components of particle
motion in Fig. 3 and Appendix C.

2.2 General kinematics and impulse

For completeness we note that, if a, = [arxaryarz]T is the
3D vector of linear acceleration of Eq. (1) in the r ref-
erence frame, grain linear velocities can be calculated by
single integration. The velocity in the r frame is v (t) =

t
vr(0) + f ar(t)dr) and the total kinetic energy can by calcu-
0

lated from these velocities as K = %m||vr||2 + %Icmlla)bnz,
with %m||vr||2 being the translational and %Icm||a)b||2 the
rotational component. The condition K =0 represents the
threshold of rolling for any rigid body. However, this is not
a direct equivalent to the typical rolling mode of entrainment
because of the differences in the definition of rotation (spin-
ning vs. orbital) and the fact that here there is no assumption
about the slipping condition as K can be used to describe a
rolling-with-slipping motion.

To account for both the duration and the magnitude of a
force, the impulse / for duration &t starting from the time ¢;
is defined as

t; 46t
= / F(r)dr. (12)

ti

The subsequent analysis focuses on the calculation of im-
pulses for specific time durations é¢ (Diplas et al., 2008; Ce-
lik et al., 2010; Valyrakis et al., 2010). We calculate the im-
pulse of the resultant interaction f above the threshold of
motion and towards the positive drag and lift direction. This
happens when the balancing gravity components F g, (Egs. 5
and 6) are exceeded, thus for the conditions

fo>—FGp (13)
or
fL>—FGy, (14)

which, as explained above, can only be satisfied when the
magnitude of the net force exceeds 0 (Fpet > 0, net force
measured using gravity-compensated accelerometer data,
Eq. A4). In practice, we only account for the net forces
that exceed the noise threshold of the accelerometer sensor
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(Fig. 3, YEI, 2014; Maniatis, 2016). Finally, it is important
to note that the calculated impulses are transferred to the
particle from fluid turbulence and coherent flow structures;
however this transfer is not described in this work. Here, the
impulses capture directly the flow—particle interaction. The
terms impulse, net impulse and inertial impulse are used in-
terchangeably hereafter, and they relate to impulses of the
non-zero net force.

3 Laboratory and field experiments

Two sensor assemblies were deployed, one sphere and one
ellipsoid (described in Maniatis, 2016). The 90 mm diam-
eter, 1.019kg, sphere is solid aluminium with a symmetri-
cal cavity for the IMU centred at the origin of the sphere.
The ellipsoid (axes 100, 70, 30 mm), made of the same ma-
terial, weighs 0.942kg. The cavity in the ellipsoid was de-
signed to ensure that the IMU axes align with the principal
axes of the whole device. The density of both devices af-
ter the cavity cut is 2670 +3 kg m ™3, approximating the den-
sity of quartz (2650 kg m—3). The measuring unit is the TSS-
DL-HH-S sensor from YEI—TechnologiesTM (YEI 2014),
equipped with a gyroscope (£2000° s~! sensitivity) and an
accelerometer with a maximum range of 400 g. The accel-
eration range is one of the main reasons for the selection of
this IMU as lower-range accelerometers, particularly those in
the very common £20 g range, are not suitable for capturing
forcing in natural environments (Maniatis et al., 2013). The
factory maximum sampling frequency is 250 Hz. The nomi-
nal sampling frequency of the sensor (used for all the flume
and field experiments presented in this work) is 50 Hz, which
permits constant use for approximately 5h (LiPo recharge-
able battery). This frequency was chosen after considering
displacements of 15 particle diameters per second reported
by Drake et al. (1988). This is adequate for capturing the
dynamics of the particles if collisions and strong interac-
tions with the bed are excluded (different types of higher-
frequency piezoelectric sensors are more suitable for the full
measurement of impacts). The measuring unit was calibrated
through a series of shaking table and rolling drop experi-
ments, which are described in Maniatis (2016, Sect. 6), along
with the corresponding filtering workflow. During this cali-
bration the noise threshold for the accelerometer was defined
at 1.1 £0.23 N, and the value of 1.2N is used for the fol-
lowing presentation. The gyroscope has a much lower noise
threshold, which was calculated to be < 0.0001°s~!.

3.1 Laboratory entrainment experiments and separation
of impulsive events

All flume experiments took place in an Armfield™ flume of
7 m effective length and 0.9 m internal width and at a fixed
bed slope of S =0.02. This slope corresponds to an orien-
tation by the quaternion ?q =[0.92, 0.14, —20, 0.28] (Ap-
pendix A). ;g was measured by aligning the X-IMU axis
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with the centreline of the flume, the Y-IMU axis with the
transverse direction and the Z-IMU axis with the direction
normal to the bed. The positive X-IMU axis coincides with
cross-sectionally averaged flow direction. A bed of plastic
hemispheres of the same diameter (90 mm) as the spherical
device was constructed. The hemispheres were glued to form
a 0.5m (L) x 0.9m (W) section, and the whole section was
placed at the point which allowed for the test particle to be
4.5 m from the upstream boundary of the flume. A thin layer
of 1.5 mm uniform sand was glued to both the hemisphere
section and the upstream flume surface. The section upstream
of the hemispheres was filled with very densely packed non-
uniform, rounded gravel (Dsgp = 0.015m), enabling the de-
velopment of turbulent flow. No sediment transport occurred
from the upstream gravel section during the entrainment ex-
periments. The hemispheres were glued in positions that pro-
duced a 0.045 m protrusion of the sphere above the top of
the hemispheres, although the sand layer made the protrusion
higher, by partially filling the gaps between the hemispheres,
and non-uniform around the test particle (* 0.050 m). The el-
lipsoid was only supported by the hemispheres and was fully
exposed to flow, thus having a protrusion equal to its ¢ axis
(~0.03, Fig. 2).

For the experiments, the spherical device was placed on
the flume centreline in a saddle position between four bed
hemispheres, and the three sensor axes were aligned with the
inertial frame i (;’q =[1, 0, 0, 0], Appendix B). After po-
sitioning the sensor, the discharge was increased at a con-
stant rate of 0.028 L s~ until the particle was entrained. Ac-
celeration and rotation were measured for the duration of
the flow increase, throughout the sensor movement, and for
a further 10s after it stopped moving. All the experiments
were videoed at 60 frames per second using a standard Go-
Pro Hero 7. The same experimental protocol was followed
for the ellipsoid device, differing only in that the particle was
initially aligned to the frame of reference of the flume bed
('l?qzﬁq =1[0.92, 0.14, —20, 0.28]). This resulted in the X-
sensor long axis coinciding with the flume’s x direction (the
direction of the flow, Fig. 2).

Ten entrainment experiments were conducted with each
device. We define entrainment as when the particle moves
by one particle diameter or b axis length for the ellipsoid.
Having identified the time when the grain has moved by this
distance from the video, the timing of the vibrations which
directly and continuously preceded entrainment was also de-
termined from the video. Many periods of vibration which
do not lead to entrainment were recorded by the sensor and
are visible on the videos. Drag and lift forces as well as the
duration and the inertial impulses for cases where the grain
started to move (fp > —FGp and/or f; > —FGy1) were
calculated using the derivations of Sect. 2.1. For the spherical
sensor, the gravitational components are FGp = 3.99 N and
F Gy, = —7.25N (Fig. 3). The equivalent values for the ellip-
soid, using the geometry of a sphere of equal volume, were
FGp =5.11N and FGy, = —9.28 N. The critical discharge
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Figure 2. Laboratory setting and initial alignment. The diagram shows the arrangement of the bed of hemispheres and the test position
(4.5 m downstream of the entrance of the flume). Upstream of the bed of hemispheres, the flume was filled with densely packed gravel
(Dsp = 0.015 m, black layer upstream of the hemisphere section in the graph) to enable the development of the flow. The sphere diameter is
0.09 m, and ellipsoid b axis is 0.07 m. The height of the centroid above the crest of the glued hemispheres is approximately 0.02 m for the
sphere and 0.015 m for the ellipsoid. The depths correspond to the hydraulics at the point of entrainment, summarised in Table D1. r stands
for riverbed (flume in this case) reference frame, b for body frame and i for the inertial reference frame (f g =1[0.92, 0.14, —20, 028]),
Appendix A). S is the slope of the channel (0.02). The sketch also depicts the initial alignment for each device (b —i for the sphere and
b —r for the ellipsoid). While the spherical particle was in full contact with the bed (hemispheres and coating/filling gravel), the setting could

result to a film of water flowing underneath the ellipsoid.

for the sphere was 24.8 &+ 1.8Ls~ !, which corresponds to
a measured depth of 0.095+£0.015m, measured from the
top of the supporting hemispheres. The critical discharge for
the ellipsoid was 45.2+2.2Ls~!, which corresponds to a
measured depth of 0.12+0.02m (z, =0.01 and 0.02, re-
spectively; t™ = (ppf%; Appendix D). The hydraulic pa-
rameters at mean critical discharges are calculated in Ta-
ble D1. The flume experiments have a particle-diameter-to-
flow-depth ratio close to 1 (d/H = 1) despite the fact that
the particles were fully submerged at the critical discharge
for all the experiments (Fig. 2). The tested conditions are rel-
evant to the entrainment of coarse particles in steep moun-
tain streams, but they should not be directly generalised to
other bedload transport regimes despite the generality of the
Newton—Euler model presented in Sect. 2.

3.2 Probabilistic impulse threshold for motion

Entrainment was observed independently from video record-
ings which were synchronised with the experiments from the
start of the flow increase (Sect. 3.1). These observations are
used to calculate statistically the probability of entrainment
as a function of the impulse of the interaction f exceeding
gravity. Following the framework presented in Maniatis et al.
(2017), the exact time of entrainment was noted in the video
recording, and the derived inertial impulses were separated
into a binary pre- and post-entrainment dataset. Logistic re-
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gression was used to describe the probability of entrainment,
with Pr > 0.5 defining the threshold of motion. Following the
conceptualisation of Grass (1970), exceeding that threshold
relates to impulses that are able to fully dislodge the particle,
in contrast to the conditions that relate to pre-entrainment vi-
brations. The difference here is that this conceptualisation is
applied to events in which impulses exceed the thresholds de-
fined in Egs. (5) and (6). Video recording was not possible in
the field setting, so this calculation is only presented for the
laboratory experiments.

3.3 Field testing

Field experiments took place within a 5 m long straight and
confined reach of the Erlenbach mountain stream in Switzer-
land, approximately 15 m upstream of the concrete channel
section and 55 m upstream of the sediment retention basin in
which continuous bedload transport measurements have been
made during the past 30 years (Turowski et al., 2011; Rick-
enmann et al., 2012). The stream has a step-pool morphology
allowing the sensor to be retrieved from pools, so the ellip-
soid sensor was submerged on a bare bedrock section close
to the edge of a step (average slope S = 0.1, cross-averaged
flow depth H = 0.1 m, 7, = 0.095), aligned to the same ori-
entation as the riverbed (E’q:?q =[0.50 —0.39, 0.34, —0.68],
assumed parallel to the banks and the cross-averaged flow di-
rection, at the approximate centre line of the stream) and al-
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Figure 3. Example flume and field experiments (a, b). Calculated drag (a) and lift forces (b) for the same flume experiment using the
spherical sensor. The vectors Fpper and fp record the magnitudes of the net force and the hydraulics—resistance interaction on the 2D plane
parallel to the flume bed, respectively. The vectors Fper and f record the net force and the hydraulic resistance interaction, respectively,
along the normal to the flume bed direction. The gravitational components (FGp =3.7N and F Gy, = —7.25N) were calculated using
Eq. (4). The vertical dashed line (+ = 10.1 s) shows the exact point of the entrainment of the particle as determined from the video recording.
The N - T lines indicates the noise threshold of the accelerometer sensor; the calculated impulses concern sequences of point forces that
exceed N - T. (c¢) Net drag forces recorded during one field experiment (Erlenbach). The vertical line indicates the time of 1 s after the release
of the sensor (see Sect. 3.3). The calculation of the tangential force magnitude ( frot, and frot, for the sphere and the ellipsoid, respectively)
is based on Egs. (C1) and (C5).

lowed to be transported until it stopped moving and remained
immobile for at least 10's (Fig. 3c). In all the experiments the
sensor was entrained fully and immediately as there was no
vibration in situ. The first 1 s of each transport event was re-
moved from the data as the effect of holding and releasing the
sensor was still present. Ten transport events were recorded
and processed similarly to the flume experiments. The cor-
responding fp > —FGp and f; > —FGy, (Fig. 3c) were
calculated similarly to the flume experiments. The average
travel distance for each transport event was 2 £ 0.43 m (from
the point of release to the point of deposition, tape measure-
ments), and the average event duration, after the first second
of release, was 3 £0.6s (Fig. 3). To establish a representa-
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tive orientation for the reach in relation to the orientation of
gravity, the IMU was aligned parallel to the approximate cen-
treline (X-IMU axis, X = cross-sectionally averaged flow
direction), transverse (Y-IMU axis) and normal to the bed
(Z-IMU axis) directions within the stream. The hydraulic pa-
rameters are summarised in Table D1.

4 Results

The flume experiments demonstrate the differences be-
tween the spherical and the ellipsoid particle during in-
cipient motion (Figs. 4 and 5). For the sphere, drag and
lift impulses over the gravity forces (fp > —FGp and
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f1. > —FGyL, Egs. 13 and 14) occur for similar durations
and generate impulses of similar magnitude (fp > —FGp
impulse median=0.45Ns"!, f; > —FGy impulse me-
dian = 0.46 N s~1). The relationship between the duration of
exceedance events and the generated impulse follows an ap-
proximately linear trend, although variability is marginally
higher for the relationship between drag impulses / and cor-
responding durations (¢). For the relationship 1 vs. ¢, R% =
0.78 (p value < 6.52 x 107!6) for the drag events and 0.89
(p value < 4.2 x 10_9) for the lift events (Fig. 4a).

The results from the ellipsoid sensor demonstrate a strong
influence of the lift forces. Exceedance impulses occur for
similar durations and magnitudes; however there is a strong
bias of the lift distribution towards the shorter and low-
impulse events. The drag duration and impulse distributions
include more and higher magnitude outliers than the lift
distributions (fp > —FGp impulse median=0.08 N s
fL > —FGy, impulse median =0.022 Ns~!). For the ellip-
soid, the relationship 7 vs. t has R = 0.95 (p value < 2.2 x
10_16) for the drag events and 0.67 (p value <2.2 x 10_16)
for the lift events (Fig. 4b). For all these threshold-exceeding
events the sensor was vibrating until entrainment as observed
from both video and IMU data.

Using the video recording observations, the impulse
thresholds for entrainment were approximated with logistic
regression. The probability of 0.5 corresponds to the thresh-
old impulse for which the probability changes from the par-
ticle being more likely to be at rest to being more likely
to be entrained. In this context, with this approximation we
calculate a gradational threshold of entrainment (Begin and
Schumm, 1979) and not an absolute one. The probability of
entrainment as a function of impulse (Fig. 5a and b) high-
lights the control of short lift events on the entrainment of the
ellipsoid. The impulse threshold for the sphere is close to 0,
as all the approximated probabilities exceed 0.5. However,
there is significant variability in this calculation (wide 95 %
confidence intervals), which indicates the wide range of im-
pulses that can lead to entrainment of the sphere. In contrast,
the entrainment of the ellipsoid demonstrates a dependency
on lift impulses as the lift threshold is lower (ellipsoid lift im-
pulse threshold =0.27 £0.03Ns~!) and the drag threshold
is approximated with less confidence (ellipsoid drag impulse
threshold = 0.74 £0.27 Ns™1).

Finally, the results from the field experiments (Fig. 6)
indicate similar statistical behaviour to the laboratory ex-
periments but higher variability. Drag forces are of higher
magnitude and duration than the lift forces (fp > —FGp
impulse median=0.13Ns~!, f; > —FGL impulse me-
dian=0.08 N s_l), but there is an abundance of low-
magnitude lift impulses that affect strongly the motion of
the ellipsoid. In the Erlenbach, the duration of the ex-
ceedance events is also a proxy for the generated impulse,
with the relationship / vs. ¢ being more linear for the lift
events compared to the drag events (I vs.  R> =0.66 and
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p value <2.2 x 10710 for the drag events, and R%?=0.88 and
p value < 2.2 x 10716 for the lift events).

5 Discussion

5.1 IMU sensors and geomorphological applications

The advantage of using an IMU sensor for capturing grain
motion is that the sensor solves a complex force and torque
balance and removes any ambiguity in whether or not a test
particle is in motion, as motion leads to the explicit thresh-
olds Fyer and/or Tpe; exceeding 0. Entrainment is captured
directly and, assuming correct sensor calibration, robustly.
IMUs can be a useful tool for geomorphologists since they
offer a realistic prospect for monitoring particle motion dur-
ing transport without invasive apparatus, which is not pos-
sible with standard equipment, especially in field applica-
tions (e.g. PIT tracers). At the same time, it is important to
recognise that exceedance of the explicit thresholds above
does not always produce complete dislodgment of the parti-
cle and also does not directly describe the modes of trans-
port in the context that is commonly assumed for sediment
hydraulics (e.g. differences in spinning and orbital rotations,
Sect. 2.1). For a complete understanding and effective pre-
diction of grain motion both the hydraulic and the particle
forces need to be measured, analysed and decoupled from
the inertial forces we measure in this study.

Further, there has been a recent rapid increase in use of
IMU sensors, but most off-the-shelf IMU sensors are not
suitable for the range of forces characterising natural sed-
iment transport, especially if the focus is on particle in-
teraction or impacts (Maniatis et al., 2013). In addition,
the physics of IMU sensors are complex, and a number of
common assumptions about their use do not always hold.
For example, while dead reckoning appears to allow posi-
tions to be recovered by double integration of linear accel-
erations, uncertainties introduced during the production of
IMUs (mostly nanometre-scale imperfections on the align-
ment of the MEMS) lead to extreme uncertainty in posi-
tional estimates. A second issue involves calibrating IMU
accelerometers, which has often been done using free-fall
drop experiments. An accelerometer in free fall will mea-
sure zero acceleration despite being subjected to the acceler-
ation of gravity, as gravity in the context of the body frame
of the accelerometer is a so-called fictitious force (Appen-
dices A and B). Consequently, the force or impact results of
a free-fall drop experiment which relies solely on IMU mea-
surements are highly dependent on how quickly the sensor
is programmed to enter and wake up from the free-fall de-
tection state (Clifford, 2006). It is possible to approximate
the height of the free fall using the approximate time of the
free-fall state. However, the measurement of the impact force
needs a very detailed description of both the impact surface
and the low-level code that controls all the basic operations of
the sensors (on—off routines, logging, storage handling etc.).
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Figure 4. Inertial impulses and duration of threshold exceedance events for laboratory experiments. Impulses of all the inertial forces that
exceeded the gravity forces. For the spherical particle (a) the drag impulse median (median of f, > —F Gp events) is 0.01 Ns! higher
than the lift impulse median (median of f| > —F G, events). For the ellipsoid (b) the equivalent difference is 0.013 N s~!. The relationship
between the duration (¢) and the impulse (/) during the exceedance events is linear for both the sphere and the ellipsoid (and for both
fp > —FGp and f| > —FGL) events. The entrainment of the ellipsoid is more dependent on short and low lift impulses than the sphere,
demonstrating the effect of shape on the inertial dynamics.
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Figure 5. Probabilistic inertial impulse threshold for laboratory experiments. Logistic regression of the probability of entrainment for the
spherical (a) and ellipsoid (b) particles. The calculation is based on the combination of video recordings and inertial impulse measurements
during drag and lift threshold exceedance (fp > —F Gp and f1 > —F G events). For the sphere there is little statistical difference between
the calculated inertial impulses as over 95 % of the values relate to an entrainment event (the probability threshold 0.5 is always exceeded).
However, there is significant variability in this calculation (wide 95 % confidence intervals), which indicates the wide range of impulses that
can lead to entrainment of the sphere. For the ellipsoid, the probabilistic lift inertial impulse threshold relaxes to 0.27 N's~! (blue vertical
line, b) and the drag threshold relaxes to 0.74 N g1 (red vertical line, b).

This low-level programming is a black box for proprietary
off-the-shelf sensors and for users without suitable program-
ming skills. Finally, it is not possible to derive directional
information, even for forces, for long mobile periods with-
out complementary corrections (Kok et al., 2017) or without
a detailed presentation of the reference frames involved and
their initial alignment.

Here, we calibrated and deployed a commercial IMU sen-
sor following standard procedures (Maniatis, 2016), but the
precise corrections used are sensor specific, and similar pro-
cedures should be followed again for any other IMU sensor.
The calibration of force measurements is likely to be stan-
dardised and simplified in the near future as the use of IMU
sensors develops further. Similar standardisation for the di-
rection of forces is potentially further away as it requires us-
ing IMU sensors that rely on optical technology and which
are currently not manufactured with physical dimensions or
within a price range that is accessible for sediment transport
studies (De Agostino et al., 2010).

https://doi.org/10.5194/esurf-8-1067-2020

5.2 Relationship with previous work and first-order
statistical generalisation

Two aspects of this study are particularly important to ad-
dress before we make comparisons with previous studies.
The first is that we made inertial measurements from within
the sediment particles, which are fundamentally different
from measurements of fluid turbulence that are often used
for predicting sediment motion. The second is that the flow
regimes under which we made measurements, with varying
shallow flows, differ from those in many studies of sedi-
ment motion. Both of these aspects provide new insights into
sediment movement, but they require care in making direct
comparisons with studies that have used different approaches
and/or hydraulic conditions. In addition, it is useful to note
that grain protrusion is not discussed in this work, despite be-
ing an important control on grain motion and particularly en-
trainment (e.g. Dey and Ali, 2018), since the presented labo-
ratory and field experiments only correspond to particles that
are highly exposed to the turbulent flow.

This work uses a theoretical framework which has the po-
tential to enhance the mathematical modelling of sediment
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Figure 6. Inertial Impulses and duration of threshold exceedance events for field experiments. Impulses of all the inertial forces that exceeded
the gravity forces. During short-transport events (average travel distance =2 4 0.43 m) the drag inertial impulse median (median of fp >
—FGp events) is 0.05Ns~! higher than the lift inertial impulse median (median of f| > —F Gy, events). The relationship between the
duration (¢) and the inertial impulse (/) is linear for both fp > —FGp and f| > —F G, events. During in situ transport the drag forces are
of comparable magnitude and duration; however, short and low-magnitude f} > —F G impulses have a strong influence on the motion of

the ellipsoid.

transport. The Newton—Euler model of Sect. 2, in conjunc-
tion with the quaternion transformations of Appendix A, can
be read as a 3D and unrestricted Lagrangian—Eulerian model
for sediment transport. In our analysis, particle dynamics are
transformed from a Lagrangian domain (and the mobile body
frame of the particle b) to a static Eulerian domain (frame r),
which is most commonly used for the analysis of turbulent
flow. Ballio et al. (2018) analyse the topic in detail and pro-
vide a comprehensive 1D Lagrangian—Eulerian model which
also accounts for the intermittency of sediment transport us-
ing a binary classification of mobile and non-mobile states.
Our presentation can be used to define 3D Lagrangian dy-
namics, including rotation, in full and then to transform the
corresponding kinematic properties to the Eulerian domain
for direct comparison with the turbulent forces. We acknowl-
edge that the verification of the 3D Lagrangian—Eulerian
model is heavily dependent on the inertial measurements,
and particularly the constant tracking of relative orientation

Earth Surf. Dynam., 8, 1067—1099, 2020

between the frames. However, it is possible to predict that
future calibration experiments deploying IMUs will be used
this way to parametrise simulations.

Previous laboratory studies using fixed force meters at-
tached to grains (Schmeeckle et al., 2007; Cameron et al.,
2019) report nominal drag and lift forces of the order of
10~ N for 0.008-0.025 m diameter particles. The measured
force normalised by the submerged weight of the average-
diameter particle is of the order of 0.08. In the flume results
presented here, the inertial drag and lift forces during entrain-
ment are of the order of 10! N, with normalised values for the
sphere and ellipsoid being 15.6 and 17.1, respectively. Differ-
ences in force magnitude are expected since (a) the inertial
sensor is freely mobile, enabling the inertia of the moving
particle to be recorded, and (b) the hydraulic regimes in both
Schmeeckle et al. (2007) and Cameron et al. (2019) corre-
spond to flows deeper than the particle diameters, with fully
developed boundary layers.
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Static vibration sensors were also deployed by Lamb et al.
(2017), who attached them to a wide range of test particles
(D =0.075-0.218 m). They reported drag forces of the or-
der of 10'-10% N and lift forces of the order of 10' N (drag
forces from 5.4 to 40.7 when normalised by the submerged
weight of the average-diameter particle). Also, the hydraulic
regime used by Lamb et al. (2017) is comparable to both the
laboratory and the field experiments presented here. The two
studies yield very similar forces at entrainment, using dif-
ferent measurement methods, thereby validating the results
from our inertial sensor. However, in general it is important
to consider the type of sensor (static or restricted vs. mo-
bile), the data processing model and the experimental pro-
tocol (varied or steady flow) when different force measure-
ments are compared.

Lamb et al. (2017) also observe a predominance of neg-
ative lift forces, especially for partially submerged parti-
cles, which may have significant morphological implica-
tions, such as potentially explaining, along with turbulence
intensities, lower-than-predicted sediment fluxes in steep
mountain streams. In our work, the inertial negative lift
forces are measured (Appendix E), but the exceedance events
(f1, > —FGy) are only calculated for the positive lift forces
(FLnet > 0). The negative lift forces are components of the
resultant force, which can have a strong hydraulic compo-
nent, as argued in Lamb et al. (2017), but they can also be
a reaction to positive lift forces during the motion of the
particle (and especially the motion of the ellipsoid, Figs. 3
and E2), which requires further investigation.

The laboratory inertial impulse calculations demonstrate
that, for unrestricted entrainments, there are observable dif-
ferences between spherical and ellipsoid particles, with the
latter being more sensitive to the lift forces at entrain-
ment threshold conditions. Those differences support previ-
ous work on the effect of shape on the response of particles in
various hydraulic regimes (e.g. Komar and Li, 1986; Demir,
2000) and on the mode of near-bed transport. Measurements
of the effect of particle shape can now be made directly using
inertial sensors.

The corresponding inertial calculations from the field also
demonstrate that the ellipsoid is highly sensitive to lift forces
and impulses. We observe higher mean magnitude lift forces
on the ellipsoid in the field (2.57 N) than in the laboratory
(2.13N) (Fig. E1). The greater negative lift forces during
motion suggest that the particle has a reaction to the posi-
tive lift forces, specifically those that exceed the threshold
of motion and lead to transport. A similar increase in mag-
nitude was observed for the drag components, with the in-
stantaneous forces being up to 10 times the mean (Fig. E1).
The magnitude and duration of the exceedance events in the
field are comparable to the observations in the laboratory ex-
periments (Figs. 4 and 6; the relationship between impulse
and duration of events is more variable for the field experi-
ments). However, the extreme forces are short lived and so
generate very small impulses close to ONs~!. Differences
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in force magnitude and duration can relate to transitions, as
described by Shih and Diplas (2018), from hydraulic “im-
pulse controlled” transport, as in our flume experiments, to
“force-magnitude controlled” transport, corresponding to the
dynamics recorded in Erlenbach. However, an important dif-
ference between laboratory and field experiments lies in the
scales of turbulence (Coleman and Nikora, 2008; Singh et al.,
2009), which requires further investigation since detailed
flow measurements were not made during the presented ex-
periments (e.g. PIV measurements).

Overall, differences of particle inertial dynamics during
grain entrainment and translation are important because they
can potentially enhance predictions for grain particle travel
distances with measurements from the field and particu-
larly for large distances (Hassan et al., 1991, 2013). Mea-
suring those differences is the most direct insight we can
have for studying the effect of several morphological con-
trols (e.g. grain arrangement, burial depths, sediment sorting)
until the high-frequency 3D measurement of tracer positions
during transport becomes possible.

Considerable effort has been applied to define distributions
for hydraulic impulses during the entrainment of spherical
particles and relate them to critical thresholds (Diplas et al.,
2008; Valyrakis et al., 2010; Celik et al., 2010; Valyrakis
et al., 2010, 2011). In addition, there have been recent ef-
forts towards upscaling the effect of hydraulic impulses to
fully developed bedload equations (Shih and Diplas, 2018)
and results pointing towards evaluating the morphological
impact of different hydraulic impulse regimes (Phillips et al.,
2018). These works highlight the importance of deriving gen-
eral statistical descriptions for grain inertial impulses.

Our data provide new insights into the roles of drag and
lift impulses in entrainment. To begin to generalise these
findings and to assess the interactions between lift and drag
forces, a bootstrapping method is used here. We approximate
the distributions of inertial lift and drag impulses for an ellip-
soid particle and from a combination of laboratory and field
measurements. This analysis is also the first step towards cal-
culating the combined behaviour of the drag and lift distribu-
tions, which can lead to the definition of joint distributions
that have stronger explanatory and perhaps predictive value.

To combine the results from the laboratory and field ellip-
soid experiments, the impulsive exceedance events were nor-
malised since the conditions are different for the laboratory
and the natural conditions. Normalisation used the mean im-
pulses for all drag and all lift forces. Also, the mean impulses
were calculated separately for the laboratory and field exper-
iments ([ = 1 /T exp). After the normalisation, the laboratory
and field results are combined into one dataset of normalised
drag (fDrag) and normalised lift (iLift) impulses, which are
assumed to be uncorrelated. The latter is justified by the fact
that the point lift and drag forces are statistically uncorrected
as shown in Appendix E (Fig. E2).

Earth Surf. Dynam., 8, 1067—1099, 2020
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Figure 7. Bootstrap normalised impulse sampling (lift and drag). iDrag and fLift are fitted with a gamma and a lognormal distribution,
respectively (Appendix F2). The normalised drag and lift thresholds (red dashed lines) are calculated using the probabilistic drag and lift
inertial impulse thresholds presented in Fig. 5, which were divided by the recorded mean inertial drag and lift impulse from the laboratory

experiments.

The fitting of the representative distributions for fDrag
and Iy permits bootstrap sampling from those distribu-
tions. Figure 7 shows 50000 random IDrag and ILlft com-
binations, sampled from the selected gamma and lognormal
distributions (for fDrag and iLift, respectively; Appendix F).
After taking into account the normalised drag and lift im-
pulse thresholds as defined in the Results (Fig. 5), we con-
clude that the probability for the exceedance of the lift thresh-
old is approximately 0.02, the probability for the exceedance
of the drag threshold is approximately 0.005 and the prob-
ability of both thresholds being exceeded simultaneously is
approximately 0.0001. The calculation confirms the obser-
vation that the transport of the ellipsoid particle is defined
by states of zero or very low mobility (97.8 % for the calcu-
lated combinations corresponds to dynamics that are below
the normalised probabilistic impulse threshold for entrain-
ment, Fig. 5). In total 80 % of the 1371 threshold exceedance

Earth Surf. Dynam., 8, 1067—1099, 2020

events correspond to lift threshold exceedances, 19 % to drag
threshold exceedances and 0.4 % to exceedances of both
thresholds. The calculation suggests that the majority of the
mobility states of the ellipsoid will relate to the action of
lift forces. The very small probability for the simultaneous
exceedance of both thresholds is another possible effect of
the particle’s shape as spherical particles will protrude more
and are more likely to be equally affected by both drag and
lift components (Fig. 5a). This type of calculations requires
sample sizes that only advanced instrumentation, such as that
presented in this work, can deliver. Similar frameworks can
be used for meta-analysis of existing results and to inform
the design of future experiments.
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6 Conclusions

This work introduces a framework that can be used to de-
rive and interpret IMU measurements in sediment transport
studies. The derivation of inertial measurements from mo-
bile sediment grains requires a physical model that links the
inertial dynamics with existing force (or moment) balance
equations for sediment transport. The types of sensors and as-
sociated smart-pebble assemblies currently deployed for the
measurements of grain inertial dynamics are not suitable for
2D or 3D tracking of grain position. However, it is possible
to measure net forces and impulses if the necessary transfor-
mations are applied consistently.

Field and laboratory measurements of inertial lift and drag
impulses highlight the different entrainment behaviours of a
spherical and an ellipsoidal particle. The lift net force is dom-
inant during the unrestricted entrainment of the ellipsoid,
while there is no statistical difference between the effects of
lift and drag impulses on the entrainment of the sphere. The
drag component can be stronger during transport; however
short impulses influence the motion of the ellipsoid signifi-
cantly.

https://doi.org/10.5194/esurf-8-1067-2020
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The continuous improvement of the sensor technology
along with the better understanding of the physics described
by inertial measurements can lead to a unified treatment of
the resultant grain dynamics during bedload transport. These
are the dynamics that represent exactly the interaction of hy-
draulic and sediment forces in different regimes and can en-
hance the parametrisation of important hydro-morphological
controls.

Earth Surf. Dynam., 8, 1067—1099, 2020
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Appendix A: Frames of reference, rotations and IMU
measurements

To discuss the measurements recorded by an IMU, and par-
ticularly the measurements from an accelerometer and a gy-
roscope, it is necessary to introduce three basic frames of
reference and select one of the many representations for ar-
bitrary rotations in 3D.

The following assumptions and simplifications are used
throughout this study:

— Due to the small-scale (10~! to 10! m, typically) mo-
tion of sediment grains, an Earth frame (one that coin-
cides with the inertial frame as defined below but rotates
with the Earth) is not defined. Also, the angular veloc-
ity of the Earth (approximately 7.29 x 107 rad s~ ') is
ignored.

— For the same reason, the non-gravitational fictitious
forces (such as the Coriolis effect) are ignored.

— For the mathematical derivations, ideal IMUs (no error
accumulation is considered) and perfectly aligned sen-
sor assemblies are assumed. The errors associated with
IMUs and especially with the magnitude of the integra-
tion errors are presented in relevant electrical engineer-
ing sources (e.g. Kok et al., 2017).

We define the body frame b as the coordinate frame of the
moving IMU. For an ideal IMU the origin of this frame is
located exactly at the centre of both the accelerometer and
the gyroscope, and this centre falls precisely on the centre
of mass of the complete sensor assembly (Maniatis et al.,
2013, 2017). Frame b is mobile but fixed in the sensor as-
sembly (fixed axes representation).

The local geographical frame r is the stationary frame
within which hydrodynamics are analysed. This is the ref-
erence frame used implicitly for all the single-grain motion
studies (Dey and Ali, 2018). For laboratory experiments, the
rx—ry plane is exactly parallel to the flume bed, and the r, di-
rection is normal to the bed. For the field experiments this
alignment will be an approximation due to variations of the
local topography. The inertial frame i is a stationary frame.
Strap-down IMUs measure acceleration and angular velocity
changes in response to this frame, and its origin lies at the
centre of the Earth.

Transforming information between these three reference
frames is non-trivial. A widely used method to represent
the change between frame is the application of quaternions
(Hamilton, 1844; Diebel, 2006). Quaternions are an exten-
sion of complex numbers used in the description of 3D me-
chanics, particularly 3D rotations. They are considered the
most efficient description of unrestricted 3D rotations, as
they are free from numerical errors that occur when other
representations are used (such as the Gimbal lock error
associated with rotations expressed by Euler angles, Ap-
pendix G2). A typical introduction to quaternions can be

Earth Surf. Dynam., 8, 1067—1099, 2020
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Ixa
Figure A1. Frames of reference. r stands for riverbed (flume in

this case) reference frame, b for body frame and i for the inertial
reference frame.

found in Valenti et al. (2015), and we follow that primer for
a brief introduction to quaternion algebra in Appendix G1.

A unit quaternion ﬁq defines a rotation from frame A to
frame B, and successive rotations are represented by quater-
nion multiplication. For each f;q, a direction cosine ma-
trix (DCM) R(ﬁ q) is defined as a function of ﬁq components
(Eq. G11), which also represents a rotation from frame A
to B. If By and 4v are observations of the vector v in
frames B and A, respectively, they are related through the
following typical matrix operation:

5y = r(4q) . (A1)

If the frames A and B are relatively static (such as the inertial
frame i in relation to the local geographic frame r), then both
Bg and R(§q) are explicit. If B is rotating in relation to A
(such as the body frame b in relation to the inertial frame i),
f;q and the corresponding R(ﬁ q) need to be recursively up-
dated. The transition quaternion g between two successive
poses is defined by the applied angular velocity as

lwlidr . llwldr wox . llwlldt wpy
sin —sin —
2 2 el 2 el

T
llewlldr wbz:|
n— 9

qg= |:cos

A2
2 el (A2

where wypy, wpy and wyp, are angular velocities observed along
the by, by and b, body frame axes, respectively, by the 3D gy-

roscope; |lo|l = [jwbll = \/m is the norm of
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angular velocities; and 8¢ is the time of rotation, set here
equal to the frequency of the IMU measurements.

Equation (A2) is part of the direct multiplication method
(Whitmore, 2000; Zhao and van Wachem, 2013), and the up-
dated quaternion ﬁ q’ is derived as

Bd=8q®3, (A3)

with the operation ® denoting quaternion multiplication
(Eq. G4). After each update f q’ is set as ﬁ q.

Inertial accelerometers measure the proper acceleration ay
applied within the body frame b. These accelerations will
include gravitational acceleration, a uniform force in the in-
ertial frame i. To derive the linear acceleration in the inertial
frame i, it is necessary to rotate the body frame measure-
ment to the inertial frame and then to subtract gravitational
acceleration. For this rotation the recursively updated R(Zq/ )
DCM is used after calculating the j ¢’ using Eq. (A3). The
linear acceleration in the local geographical frame r is then
given by

ar=R(q) (R (i q/) ap — g) , (A4)

where ap = [apy apy abZ]T is the vector of the b frame ac-
celerometer measurements, and R(jq) the explicit DCM that
rotates the accelerations from i to r derived from the quater-
nion ;g. a; defines the magnitude and direction of the resul-
tant force or net force.

A1 Accelerometers as orientation sensors

In Eq. (A4), the raw accelerometer measurement is “com-
pensated” for the action of the gravitational field in order to
extract a measurement for the resultant force in the r frame.
To explain the need for this calculation, it is important to note
that accelerometers measure proper acceleration. Proper ac-
celeration is different from coordinate acceleration, which is
generally defined as the rate of velocity (in a fixed inertial
frame). In practice, if an accelerometer is placed on a flat sur-
face, it will measure an upwards (positive) acceleration equal
to1g (9.81m s_2). In free fall, an accelerometer will mea-
sure zero acceleration because in the non-inertial frame of
the sensor there is neither a static (e.g. gravity) nor a dynamic
(motion or vibrational) force applied and the accelerometer
will only “feel” the terminal velocity of the impact if it lands
on a surface. When the accelerometer is subjected to an ex-
ternal force and it begins to move (in relation to a static iner-
tial frame), there is no way to separate the components of the
static and the dynamic forces, unless the relative orientation
of the frames is constantly monitored (in the manner we de-
scribe in Eq. A4). At the same time, when the sensor is static,
the non-compensated signal (the raw acceleration from the
sensor) can provide an estimate for the relative orientation of
the sensor’s frame (b—i or b—r quaternions in relation to the
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frame to which static forces are applied (gravity frame, i)).
Valenti et al. (2015) provide the solution for calculating the
?q quaternion from raw accelerometer measurements, which,
adapted to the notation used here, is as follows:

b
id=

T
ap;+1 _ dpy Ay
[ 2 2@ t1) A 2ant1) O] bz 2 0

T
_ by L—ap, dbx
[ NI e 0 \/2(]_%1)] sap; <0

In this work we used Eq. (AS) to estimate the initial align-
ment of the frames for both the flume and the field experi-
ments. In addition, the YEI sensor implements an onboard
calibration routine which can verify the initial alignment us-
ing sensor fusion and a series of nonlinear filters (YEIL, 2014).

. (AS)
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Appendix B: 3D IMU measurements
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Figure B1. Example incipient motion IMU data. Measurements from the incipient motion experiments using the spherical sensor. (a) Un-
filtered and uncompensated inertial acceleration measurements. The sensor is initially aligned to gravity, which results in the z axis of the
accelerometer measuring a mean value of 9.81 m s72. (b) Angular velocity (rad s~ 1) measurements derived from the gyroscope. (¢) Linear
acceleration along the three-body-frame axis. This is the result of removing gravity from the inertial measurements shown in (a) and apply-
ing a FFT high-pass filter as described in Maniatis (2016) (Sect. 6). Panel (d) shows the kinetic energy calculation after integrating once the
signal presented in panel (c) and applying the formula K = %m llvell® + %Icm ||a)b||2 as described in Sect. 2.
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Appendix C: The magnitude of the tangential forces
and resultant torques

The rotational component captured by the gyroscope relates
to the moments of the forces applied on the surface of the
measured particle via Eq. (2). For a sphere, fiq is defined by
rearranging Eq. (11) as

o Lem |52 | )
rots — R 9

where R is the radius of the particle. The relationship holds
because the moment of inertia (/y,) of the sphere is uniform.
This implies that the shape of the particle does not affect the
direction of the resultant force. For the spherical sensor pre-
sented in this work the moment of inertia is calculated us-
ing the formula for a sphere (I;m = %mRz) and is equal to
0.00085 kg m~2.

For the ellipsoid, the same calculation is significantly more
complicated. Firstly, the moment of inertia is not uniform.
In this work, we implemented a numerical calculation dur-
ing the design phase of the enclosure (using Solidworks,
Systeme, 2016) for the principle axes of the ellipsoid. The
principle axes coincide with the by, by and b; body frame
axes. Those are the equivalent of the axes a, b and ¢ of
the ellipsoid (where a = 0.1 m, » = 0.07 m and ¢ = 0.03 m),
respectively; they are fixed in the body frame and aligned
with the IMU axes (see Appendix A). The principle com-
ponents of inertia for the ellipsoid sensor were calculated
as Iy =0.00057kgm~2, I, = 0.00060kgm~2 and I, =
0.00094 kg m~2. The non-principle components of inertia
were calculated as being of the order of 1078 kgm™2, and
they were ignored. The balance of moments for the princi-
ple axes is given by the following system of equations (often
discussed as Euler equations, O’Reilly, 2008):

dwpy

MX = xx? — (Iyy — IZZ) WhyWhyz , (C2)
dwpy

My = Iy, dr ({77 — Ixx) Wbz Wby, (C3)
dwy

M, = IZZFZ - (Ixx - Iyy) Whx Why - (C4)

For the calculation of the tangential force, a good approx-
imation (ignoring the secondary moments of inertia) is given
by dividing the principle moments by the half length of the
corresponding principle axis of the ellipsoid, giving

M\ (2My\? (2M\?
f rote = +\— + . (CS)
a b c
Equations (C1) and (C5) were used to calculate the mag-
nitude of the rotational component for the example experi-

ments presented in Fig. 3. Figure C1 shows the same calcu-
lations at a scale that reveals their fluctuation.
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Figure C1. Force magnitude of the rotational component.
(a) Flume experiment (incipient motion) using the spherical sen-
sor (Fig. 3a). (b) Field experiment (Erlenbach) using the ellipsoid
sensor (Fig. 3e). The differences between the linear and the rota-
tional components are between 1 and 2 orders of magnitude. fio is
of the order of 1073 to 102N (sphere in the flume and ellipsoid
in Erlenbach, respectively), while the linear forces (applied directly
on the centre of the mass of the particle) are of the order of 100 to
10! N (Appendix E).
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Appendix D: Hydraulic parameters

G. Maniatis et al.: Drag and lift forces for coarse grains

Table D1. The parameters are estimated as follows: pp/ pr is the ratio of an experimental particle density to fluid density (of = 1000kg m~3),
Q is the flow rate at the point of entrainment for the flume experiments and during the transport events in Erlenbach, H is the flow depth
(measured from the bottom of the bed to the water surface for Erlenbach and from the top of the hemisphere bed for the flume experiments),
Uy = Q/A is the bulk mean velocity (A is the cross-sectional area of the flow), W is the channel width and Sy, is bed slope. The value
0.105 (or 0.1) is also the average bed slope of the lowermost natural reach in Erlenbach of about 30 m length upstream of the stream gauging
station. F' = Ub/(gd)o'5 is the Froude number; Ry, = (Upd)/v is the bulk Reynolds number (where v is the fluid kinematic viscosity at 0 °C
for Erlenbach and at 25 °C for the flume experiments). For the calculations referring to the ellipsoid, we assume D equal to the particle’s

b axis.
Experiment pp/pr  Particle  Particle  Particle ~ Protrusion o H w Sh Uy F Ry Ty
axis a axis b axis ¢ (m) (L s_l) (m) (m) (m s_l)
(m) (m) (m)
Flume (sphere) 2.67 0.09 0.09 0.09 0.05 248 009 09 0.02 0.30 0.32 27555 0.01
Flume (ellipsoid) 2.67 0.10 0.07 0.03 0.03 45 012 09 0.02 0.41 0.38 50000  0.02
Erlenbach (ellipsoid) ~ 2.67 0.10 0.07 0.03 0.03 120 0.15 35 0.1 0.22 0.19 34285 0.095

Earth Surf. Dynam., 8, 1067—1099, 2020
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Appendix E: Summary of statistics for inertial lift and
drag forces
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Figure E1. Histogram of inertial forces from all experiments. The inertial dynamics show that net lift (F1pe¢) and drag (Fppet) forces
consistently fluctuate around 0. The vertical lines indicate the corresponding medians. The mean force magnitude for the sphere (in the lab)
is Fpnet = 0.57 N and F| ne; = 0.62N for the drag and lift directions, respectively. For the ellipsoid in the laboratory experiment the mean
drag force magnitude is Fppet = 0.74 N and the mean lift force magnitude is Fp ner = 2.13 N. Finally for the ellipsoid in Erlenbach mean
FDnet = 1.22N and FJ et = 2.57N.
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Appendix F: Normalised impulse: selection of
representative drag and lift distributions

Three types of right-tail distributions were considered
(Cullen et al., 1999; Appendix F2) as well-fitting candi-
dates for both fDrag and iLift: the Weibull, the gamma and
the lognormal distributions. Goodness-of-fit analysis (Ta-
ble F1) shows that iDrag is approximated marginally bet-
ter by a gamma distribution (median shape = 0.529, median
scale=0.5) and the Iy is approximated better by a log-
normal distribution (median meanlog = —0.66, median sd-
log=1.13).

Figure Fla shows the Cullen and Frey diagram for the
identification of candidate distributions for the normalised
drag impulses (fDrag). Being in the “beta” region, the dia-
gram indicates a right-tail distribution (beta distributions are
restricted between 0 and 1, and there is no physical relation-
ship with the possible values for impulses). The skewness—
kurtosis relationship (blue dots) indicates a right-tail distribu-
tion as a candidate as well. Figure F1b—e show the graphical
comparison between three candidate distributions (Weibull,
gamma and lognormal). Weibull and gamma distributions
outperform the lognormal distribution on the tails of the his-
togram (Q-Q plot). The median values are also captured bet-
ter by the Weibull and gamma distributions (P—P plot). Fi-
nally, the histogram and CDF diagrams confirm that the log-
normal distribution is the least representative of fDrag. The
gamma distribution marginally outperforms the Weibull dis-
tribution for fDrag both in graphical and goodness-of-fit com-
parisons, and it is selected for the bootstrap calculation of
Fig. 7.

https://doi.org/10.5194/esurf-8-1067-2020

1089

Figure F2a shows the Cullen and Frey diagram for the
identification of candidate distributions for the normalised
lift impulses (fLif[). The skewness—kurtosis relationship (blue
dots) indicates a right-tail distribution as a candidate. Fig-
ure F2b—e show the graphical comparison between three can-
didate distributions (Weibull, gamma and lognormal). The
lognormal distribution outperforms the other candidates at
the tail (Q—Q plot) and the median regions (P-P plot). Fi-
nally, the histogram and CDF diagrams confirm that the log-
normal distribution is the best representative of fLift, and it is
selected for the bootstrap calculation of Fig. 7.
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Figure F1. Choice of distribution for drag impulses.
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Figure F2. Choice of distribution for lift impulses.
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Table F1. Fitted distribution statistics.

G. Maniatis et al.: Drag and lift forces for coarse grains

Weibull  gamma

Lnorm

Drag impulses — statistics for fitted distributions

Goodness-of-fit statistics

Kolmogorov—Smirnov statistic 0.090 0.088

Cramer—von Mises statistic 1.180 0.983
Anderson—Darling statistic 8.95 8.006
Goodness-of-fit criteria

Akaike’s information criterion 1311 1314
Bayesian information criterion 1321 1323

0.1084
2.786
17.354

1359
1369

Lift impulses — statistics for fitted distributions

Goodness-of-fit statistics

Kolmogorov—Smirnov statistic 0.069 0.090

Cramer—von Mises statistic 3.571 6.057
Anderson—Darling statistic 26.4 349
Goodness-of-fit criteria

Akaike’s information criterion 3968 4042
Bayesian information criterion 3979 4054

0.019
0.093
0.9

3576
3588

Table F2. Statistics for selected distributions.

Median 25%  97.5%

Drag impulses — statistics for selected
distribution (gamma)

Parametric bootstrap medians
and 95 % percentile CI

shape 0.529 0.489 0.577
rate 0.5 0.463 0.60

Lift impulses — statistics for selected
distribution (lognormal)

Parametric bootstrap medians
and 95 % percentile CI

meaning —0.663 —0.710 —0.614
sdlog 1.132 1.096 1.165
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Figure F3. Bootstrap parameters for selected distributions. The graphs quantify the stability of the selected distributions for drag and lift
impulses. For the gamma distribution (drag impulses) 1000 bootstrapped parameters were cross-compared, revealing a range of 0.1 for
the shape parameter and 0.2 for the rate parameter (a). For the lognormal distribution (lift impulses) 1000 bootstrapped parameters were
cross-compared, revealing a range of 0.15 for the log-mean parameter and 0.14 for log standard deviation parameter (b). The differences are
marginal, indicating good stability of the selected distributions for the scaling of the data.
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Appendix G: Quaternions and rotations

G1 Summary of quaternion algebra

Quaternions can be written in the form

g9 =q1+q2i +q3j +qak, (GD)

where g1—q4 are the components of quaternion ¢ (and i, k
and j are unit imaginary numbers).
The quaternion conjugate is given by

q=q1—q2i —q3] — qak. (G2)
The sum of two quaternions is then

g+w=(q1+w)+(q+w)i+(g3+ws3)j
+ (g4 + wa)k, (G3)

and quaternion multiplication is defined as

q®w = (q1w] — Qw2 — Q3W3 — q4W4)
+(qrw2 + w1 + @3ws — qaws)i
+(q1w3 — Qw4 + @3wi + qawr) j
+ (q1ws + qaw3 — g3wa + qawy ) k. (G4

The quaternion norm is therefore defined by

n(q)=q =\/q§+q12+q§+qf. (GS)

With little manipulation, the quaternions can be directly re-
lated to four-element vectors.

Quaternions can be interpreted as a scalar plus a vector by
writing

q=q1 +q2i +q3j +qsk =(s,0), (G6)

where s =¢ and 0 =gyi +¢q3j +g4k. In this notation,
quaternion multiplication has the form

q1 ®q2 = (s1,01) - (52, 2)
= (s152 — 01 - D2, 8102 + 5201 + 01 - D2) . (G7)

Finally, the rotation about the unit vector n by an angle 6
can be computed using the quaternion

1 .. (1
qg=(s,v)= (cos (§9> ,nsm(ié)). (G8)

The components of this quaternion are called Euler param-
eters. After rotation, a point p = (0, p) is then given by

Earth Surf. Dynam., 8, 1067—1099, 2020
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P =qpq~" =qpgq (G9)

since n(g) = 1.
A concatenation of two rotations, first g; and then ¢, can
be computed using the identity

q2(q1pq1)q2 = (9291) p(q192) = (q291) pg2q1. (G10)

Finally, the transformation that gives the equivalent DCM
for a quaternion g = q1 + q2i + q3j + g4k is given by

R(g) = [qlz +4% — g% —42.2(q293 — qaq1),
2(q294 +q391)2(g2q3 + q4491) ,
ai— a3 +6132 —43.2(q3q4 — 02q1)
2(g294 — q3q1) , 2(q394 + q2q1),

qf—a%—tz?ﬂf]- (G11)

G2 The Gimbal lock (adapted from Maniatis, 2016)

To demonstrate the advantage of quaternions, we randomly
rotate the static vector of gravity. In an orthogonal Cartesian
frame where the origin of the z axis is the centre of the Earth,
gravity is measured as [Gy, Gy, G;] =10, 0, 9.81] ms~ 2 If
we assume a rigid body rotating freely and randomly in this
frame, we can do the rotation calculations. Avoiding further
mathematisation, the series of the calculations is the follow-
ing:

— Randomisation of the body frame angular velocities of
the rigid body wy, wy and w, in a [-27, 277] range. A
frequency of 100 Hz is used.

— Calculation of successive quaternions using direct mul-
tiplication for random angular velocities.

— Calculation of the direction cosine matrix from Euler
angles.

— Rotating the vector of gravity in the body frame of the
rigid body using both the direction cosine matrix and
common matrix vector multiplication.

The vector expressed in the body frame is shown in Fig. G1.
The results are different, and Gimbal lock (an inconsistent
axis change when the second rotation approaches £ /2) oc-
curs after the 450th iteration, which corresponds to 8 s in sim-
ulation time.
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Figure G1. Random rotation of the static vector of gravity. [gy, 8y>821=10,0,9.81]m s~2 in the gravity frame of reference as expressed
in the body frame of a randomly rotating rigid body (dt = 0.01 s). Panel (a) demonstrates the rotation calculations with the usage of Euler
angles. Gimbal lock occurs after the 400 iterations. Panel (b) shows the same rotation series calculated via quaternions. No Gimbal lock
occurs and the result is easy to interpret as it is based on the use of the measured body frame angular velocities.
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Data availability. The dataset used in this paper is curated
by Georgios Maniatis in the following Github repository:
https://doi.org/10.5281/zenodo.4358095 (Maniatis, 2020).
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